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We study the aging and Mn doping effect on third generation lead based relaxor single crystals. We measured
the polarization (PE) and strain with applied field on two perpendicular orientations of the rhombohedral
pseudocubic [001] poled crystal. We do not find significant ageing or a double hysteresis loop in these samples,
either due to the absense of defect dipoles or to the orientation of the samples relative to the polarization
direction.
Aging in ferroelectrics is found to induce large recov-
erable strain properties, which could be explored for its
effective applications in the field of ferroelectrics and
piezoelectric sensors.1,2 Barium titanate single crystal ex-
hibits a very large recoverable nonlinear strain with ag-
ing , which is an order of magnitude higher than the
highly strained Pb(Zn1/3Nb2/3)O3 - PbTiO3 (PZN-PT)
PZN-PT single crystals.2 Transition metal dopants are
also found to increase its electromechanical properties.3–7
Defect dipoles and aging greatly influence the electrome-
chanical coupling, leading to large changes in cohesive
field, strain and piezoelectric properties.5,8–15
Relaxor based single crystals like Pb(In1/2Nb1/2)-
PbTiO3 (PIN-PT), Pb(In1/2Nb1/2)O3-
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PIN-PMN-PT) and
their acceptor doping have been studied extensively
due to their excellent electromechanical properties.16–24
Domain engineering in relaxor-PT crystals show strong
anisotripic behaviors when poled along different crys-
tallographic directions. Understanding the underlying
mechanism on the influence of defect dipoles due to aging
on the undoped and acceptor doped systems of these
relaxor materials is crucial. Also, their crystallographic
orientation dependence on electromechanical properties
have serious implications for the device applications.
Here we study the effect of crystals anisotropy coupled
with aging on defect-dipole assisted reversible switch-
ing of 3rd generation piezoelectrics, Pb(In1/2Nb1/2)O3-
Pb(Mg1/3 Nb2/3)O3-PbTiO3 (PIN-PMN-PT) and Mn
doped PIN-PMN-PT (Mn:PIN-PMN-PT) single crystals.
We examine the rhombohedral [001]pc poled sin-
gle crystal of PIN-PMN-PT and Mn:PIN-PMN-PT for
our studies which were grown by modified Bridgeman
method.20,21 Where, the subscript ’pc’ means the pseu-
docubic coordinates. The [001]pc poled crystal have
the four possible equivalent polarization direction along
<111> (figure. 1. (a)). The anisotropic and aging effects
on polarization and strain with applied electric field on
FIG. 1. Rhombohedral PIN-PMN-PT and Mn:PIN-PMN-
PT crystals within pseudocubic (pc) coordinates (a) [001]pc
poled crystal with the possible four equivalent <111> pol-
rarization directions. (b) shows the angular dependence of the
average dipole direction to the pseudocubic [001]pc -direction
of the crystal. Where, ’φ’ is the average dipole direction/
average defect dipole direction to the [001]pc direction of the
crystal, ’θ
′
’ is the angle between [001]pc and the direction
perpendicular to the average dipole direction predicted by
our simple model +/- angle of orietnation shift of the crystal
calculated from EBSD measurement.
those samples were measured in two perpendicular orien-
tations ([001]pc & the direction ⊥r to it) of the crystals.
We determined the orientation of the crystals by ana-
lyzing the kikuchi patterns from electron back scattered
diffraction (EBSD) of the PIN-PMN-PT and Mn:PIN-
PMN-PT (Figure2 a) & b) samples. To record and an-
alyze the EBSD patterns we used the Oxford Nordlys
Nano EBSD camera with Aztec pattern recognition soft-
ware in conjunction with the Jeol JSM-6500F feld emis-
sion scanning electron microscope. The samples were
tilted with surface normal being 70◦ to the incident elec-
tron beam with the detector angle at 90◦. The crystal
orientation is determined in terms of euler angles rep-
resentation within the Bunge notation..25 The crystal
structure of these crystals belong to the rhombohedral,
R3m space group ?? and the EBSD patterns were ana-
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2FIG. 2. Electron back scattered diffraction (EBSD) pattern
of [001] pseudo cubic oriented ([001]pc) single crystals for (a)
PIN-PMN-PT and (b) Mn:PIN-PMN-PT . Yellow lines show
the kikutchi lines unique pattern associate with the crystal
diffraction. The red line pattern is the overlay of the crys-
tallographic indexing with the atomic structure of the crys-
tal within the pseudocubic crystalline space group of Pm-3m.
The circle line pattern is the area analyzed for the indexing.
lyzed using cubic coordinates of the Pm-3m space group
with lattice parameter a = 4.0416 Å. We found that the
pseudocubic crystal orientation with the corresponding
euler angles of 5.7◦ and 6.6◦ for [001]pc orientated (Z-
dir) PIN-PMN-PT and Mn:PIN-PMN-PT single crystals
respectively from the EBSD patterns (figure. 2).
The rhombohedral [001]c poled PIN-PMN-PT and
Mn:PIN-PMN-PT crystals were cut in two perpendicular
directions ( [001]pc orientation (Z-Ori.) & ⊥r to [001]pc
orientation (X-Ori.)), and reduced to the thickness of ∼
100 microns to perform ferroelectric and strain measure-
ments. Aging on these different oriented crystals were
carried out at 85◦ C for 5 days. We measured the ef-
fect of polarization and strain with applied electric field
along these two mutually perpendicular orientations. We
correlate the influence of aging and Mn substitution on
polarization and strain along these two orthogonal orien-
tations (Figure. 3).
The orientation of the crystal and aging have a strong
anisotropy in remanent polarization (Pr) and cohesive
field (Ec) (figure 3.(a)). Also, we observed a strong off-
set of P-E loop with electric field which is a signature of
internal bias field similar to the acceptor doped classic
ferroelectics BaTiO3 and PZT. In PIN-PMN-PT crys-
tal aging reduced the saturation polarization along X-
Ori. by 7.03 µC/cm2 (from 39.67 to 32.64 µC/cm2) and
the cohesive field significantly increases by 7.5 kV/cm
(from ∼ 15 to ∼ 22.5 kV/cm) and show highly asym-
metric behavior with pinching effect (green open circle
symbol). Also, in Z-Ori., the polarization increases by
20.58 µC/cm2 by aging (from 35.55 to 56.13 µC/cm2)
and the cohesive field increases ∼ 1 kV/cm (from ∼ 15.4
to ∼ 16.4 kV/cm). On the other hand, the Mn substitu-
tion on PIN-PMN-PT yielded no change of polarization
upon aging in X-Ori. (45.17 to 45.15 µC/cm2) with a
small reduction of cohesive field of 0.5 kV/cm (from 22.7
to 22.2 kV/cm) with a little as symmetric nature of the
hysteresis. In Z-Ori. aging increases the saturation po-
larization by 3.18 µC/cm2 (from 40.89 to 44.07µC/cm2)
and decreases the cohesive field by 4 kV/cm (from ∼ 16
to ∼ 12 kV/cm). The cohesive fields observed on these
samples were ∼ twice higher than the [001]pc oriented
single crystal samples of 1mm thick and higher surface
area measured with the same setup, which could be at-
tributed to the surface effect of the crystals and or to the
size effect of these 100 micron thickness samples due to
the parasitic effect.26 Overall, aging and Mn substitution
was found to increase the remanent polarization in Z-
Ori. But in X-Ori. aging decreased the remanent polar-
ization for PIN-PMN-PT and had no significant change
in Mn:PIN-PMN-PT. Also, the X-Ori. PIN-PMN-PT
shows the pinching effect of the polarization loop for ag-
ing as seen in literature, which we haven’t observed in
Mn doped samples.
In PIN-PMN-PT aging significantly reduced the max-
imum strain (Figure 3. (b ) by 0.25 (from 0.40 at -48.38
kV/cm to 0.15 at 47.65 kV/cm), and become less unsym-
metric for the X-Ori. Similarly, for Z-Ori. the strain was
found to decrease and become more symmetric with ag-
ing. Also, in case of Mn substitution the maximum strain
decreases by 0.06 (from 0.47 at 57.1 kV/cm to 0.4116 at
60.65 kV/cm) for the X-Ori. with improved symmetric
nature of the butterfly loop by aging. On the contrary,
in Z-Ori. aging increased the nonsymmetric nature with
maximum strain by 0.31 (0.61 from 0.30 at 60.82 kV/cm).
So,it’s evident that Mn substitution and aging increased
the strain upto a factor of two in Z-Ori.
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